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ABSTRACT 

Direct cellular DNA damage may lead to genome de- 
stabilization in unexposed, bystander, cells sharing 
the same milieu with directly damaged cells by 
means of the bystander effect. One proposed mech- 
anism involves double strand break (DSB) formation 
in S phase cells at sites of single strand lesions in 
the DNA of replication complexes, which has a more 
open structure compared with neighboring DNA. 
The DNA in transcription complexes also has a 
more open structure, and hence may be susceptible 
to bystander DSB formation from single strand 
lesions. To examine whether transcription predis- 
poses non-replicating cells to bystander effect- 
induced DNA DSBs, we examined two types of 
primary cells that exhibit high levels of transcription 
in the absence of replication, rat neurons and 
human lymphocytes. We found that non-replicating 
bystander cells with high transcription rates ex- 
hibited substantial levels of DNA DSBs, as moni- 
tored by y-H2AX foci formation. Additionally, as 
reported in proliferating cells, TGF-p and NO were 
found to mimic bystander effects in cell populations 
lacking DNA synthesis. These results indicate that 
cell vulnerability to bystander DSB damage may 
result from transcription as well as replication. The 
findings offer insights into which tissues may be 



vulnerable to bystander genomic destabilization 
in vivo. 



INTRODUCTION 

The radiation induced bystander effect (RIBE) was origin- 
ally described by Little and Nagasawa in 1992 in response 
to low dose alpha-particle radiation (1). They demon- 
strated that under conditions in which only 1 % of a cell 
population was irradiated, 30% exhibited chromosomal 
changes. Thus, the RIBE has been defined as 'a cell's 
response to the fact that its neighbors have been 
irradiated' (2). Since that time, depending on the experi- 
mental set-up, various definitions have been proposed 
mainly reflecting inter-cellular communication (3). 
Bystander effects have been noted in response to a 
number of cellular stresses including other forms of 
ionizing radiation (IR), and non-IR sources of cellular 
damage (2,4-7). Recently, bystander effects were docu- 
mented in response to media from tumor and aging cells 
(4). These findings have lead to the notion that RIBE may 
be a specific example of a generalized population response 
to the presence of cells undergoing stresses of various 
types (8). 

The consequences of the bystander effect include 
increased incidences of DNA damage, point mutations, 
sister chromatid exchanges, apoptosis and oncogenic 
transformation (2,5-6). Of these, one of the earliest recog- 
nizable effects in bystander cells is DNA double-strand 
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break (DSB) induction (9-12). Phosphorylated histone 
H2AX (termed y-H2AX) is a robust marker of DNA 
DSBs and has thus been utilized extensively to monitor 
bystander effect induction and signaling (9-11,13,14). 

The mechanism through which bystander effects are 
propagated is not entirely clear, however several candidate 
molecules have been identified (2,6,15). Two of these mol- 
ecules, nitric oxide (NO) and TGF-(3, have been causally 
linked to the RIBE as well as to bystander signaling from 
other forms of stress (4,16-18), suggesting that bystander 
signaling may utilize similar pathways regardless of the 
damage source. 

One of the major questions remaining in the field is 
which cell types are vulnerable to bystander signaling. 
Clearly, some cell types are less sensitive to bystander 
effects (19). For instance, rapidly proliferating cancer 
cells in culture appear to be highly susceptible (16). This 
has lead to some controversy in the field regarding the 
extent and even the existence of bystander responses 
(20). Previous studies have indicated that proliferating 
cells in S-phase are particularly vulnerable to bystander 
DNA DSB formation (21,22). However, other data 
suggest that S-phase is not the only factor determining 
bystander DNA DSB vulnerability (4,23). Identifying the 
cell types that may be vulnerable to bystander DNA DSB 
damage and possible genome destabilization is critical to 
understanding the importance of bystander damage in 
overall organismal health. Our hypothesis is that cell 
types with active DNA metabolism (i.e. high replication 
and/or transcription rates) may represent the cell popula- 
tion most vulnerable to bystander signaling. Thus, 
perhaps transcriptional as well as replicative status 
might determine which cell populations would be more 
susceptible to the formation of bystander DNA DSBs. 

To test this hypothesis, we utilized two systems which 
contain non-replicating cells with various levels of tran- 
scriptional activity, primary rat brain cells and human 
lymphocytes. The brain contains distinct cell populations, 
representing both replicating (i.e. microglia and astro- 
cytes) and non-dividing cells (i.e. post-mitotic neurons), 
that can be isolated and maintained in culture (24,25). 
Similarly, primary lymphocytes are normally metabolic- 
ally inactive and non-replicating, but when activated, 
they first increase transcription levels and then begin to 
proliferate (26). Using these two model systems, we show 
that non-replicating bystander cells are still vulnerable to 
DNA DSB formation and document for the first time that 
ongoing transcription as well as ongoing replication may 
dispose cells to bystander signaling and ultimately genome 
destabilization. 



MATERIALS AND METHODS 

Primary microglial and astroglial cultures 

Primary astrocytes and microglia were derived from 1- to 
2-day-old Sprague Dawley (SD) rat (Charles River 
Laboratories, Wilmington, MA) cerebral cortices and 
cultured as described (27) with small modifications. In 
brief, the embryonic cortices were dissected, triturated 
and plated in tissue culture flasks that had been coated 



with poly-L-lysine (75-150kDa, Sigma- Aldrich, St Louis, 
MO). The cells were grown in Dulbecco's Modified 
Eagle's Medium/F12 (DMEM/F12, Invitrogen, Carlsbad, 
CA) supplemented with 10% fetal bovine serum (FBS) 
and 2% antibiotic-antimycotic solution (both from 
Invitrogen). The culture medium was replaced twice 
weekly. On day 6 of culturing, (6-days in vitro, DIV) the 
flasks were shaken at lOOrpm for 1 h. Supernatants were 
collected and centrifuged at 400 x g for 8 min. Microglial 
cells were resuspended in medium, replated and grown to 
confluence. Flasks then were continually shaken for 4 
more days for collection of astrocytes. Cells were then 
trypsinized for 5 min, collected, and centrifuged at 
400 x g for 8 min. The pellet was re-suspended in the 
proper amount of medium, plated and grown. The cells 
were cultured in tissue culture flasks, 6-well plates and 
LabTek II two-well chamber slides (Nunc, Naperville, 
IL). Cell culture details can be seen in (28). 

Cortical and hippocampal neuronal cultures 

Rat cortical and hippocampal neuronal cultures were 
derived from embryonic (E) day El 8 SD embryos and 
prepared and cultured as described previously (28) with 
minor modifications (29). Briefly, the embryonic cortices 
or hippocampi were cleaned from their meninges and/or 
blood vessels, minced and dissociated (30). The combined 
supernatants were centrifuged through a 4% bovine serum 
albumin layer (BSA, Invitrogen) and the cell pellet was 
resuspended in Neurobasal medium containing 2% B-27 
supplement, 25 uM Na-glutamate, 0.5 mM L-glutamine 
(all from Invitrogen) and 1% antibiotic-antimycotic 
solution. Cells were seeded at 5 x 10 5 cells per ml on 
poly-L-lysine-coated tissue culture flasks, 6-well plates 
and chamber slides. 

Cerebellar granule cells 

Cerebellar granule cells (CGC) were derived from 
postnatal day (P) 7-8 SD rats and cultured as described 
previously (31). Briefly, the meninges and blood vessels 
were removed from cerebella, and the cerebella were 
minced and dissociated. The cells were resuspended in 
Basal Medium Eagle (Invitrogen) containing 10% FBS, 
0.5 mM L-glutamine 25 mM KC1 and 1% antibiotic- 
antimycotic solution and seeded in poly-L-lysine coated 
tissue culture flasks, 6-well plates and chamber slides at 
5xl0 5 cells per ml. Cytosine arabinoside (10 uM; 
Sigma- Aldrich) was added 24 h after cell plating to 
inhibit glial proliferation. The neurons were cultured for 
7 days before experiments started to assure all cells had 
reached a mature, terminally differentiated state. All 
cultures were incubated at 37° C in a humidified atmos- 
phere containing 5% C0 2 . 

Lymphocytes 

Human lymphocytes were isolated from whole blood 
obtained at the NIH Blood Bank. Blood samples were 
obtained from paid healthy volunteers who gave written 
informed consent to participate in an IRB-approved study 
for the collection of blood samples for in vitro research 
use. The protocol is designed to protect subjects from 
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research risks as defined in 45CFR46 and to abide by all 
internal NIH guidelines for human subjects research 
(protocol number 99-CC-0168). Blood was collected in 
lithium heparin tubes (BD, Franklin Lakes, NJ) and 
lymphocytes were separated using a Ficoll-Paque Plus 
gradient (GE Healthcare, Uppsala Sweden) (32). Cells 
were maintained in RPMI with Glutamax (Invitrogen) 
supplemented with 10% FBS and antibiotics (penicillin 
100 U/ml and streptomycin 100(ig/ml) from Invitrogen. 
Either non-activated lymphocytes were used for ex- 
periments, or they were activated by incubation with 
10|ig/ml phytohemagluttinin (PHA), 20(ig/ml lipopoly- 
saccharide (LPS) and 5 ug/ml Concavalin A (ConA, all 
from Sigma-Aldrich) for various times before the start 
of the experiments. All cultures were maintained in a 
humid atmosphere containing 5% C0 2 . To determine 
the effect of bystander signaling molecules on DSB induc- 
tion in cells, 0-10 uM diethylamine NONOate (DEANO), 
0-10ng/ml recombinant transforming growth factor beta 
(TGF-(3, both from Sigma-Aldrich) or 10 ug/ml TGF-(3 
antibody (Promega, Madison, WI) was included in cell 
culture. In experiments to inhibit transcription, lOuM 
oc-amanitin (Sigma-Aldrich) was included in cell culture 
for 17 h prior to analysis. 

Characterization of brain cell cultures 

The brain cell cultures at 7 DIV were fixed in 2% 
paraformaldehyde and immuno-stained overnight at 4°C 
with antibodies (1:1000 dilution) against the following 
proteins: 

(1) Micro tubule-associated protein 2 (MAP2; Millipore, 
Billerica, MA), as a neuronal marker; 

(2) Glial fibrillary acidic protein (GFAP; Abeam, 
Cambridge, MA), as an astrocyte marker; 

(3) Ionized calcium binding adaptor molecule 1 (Ibal; 
Wako, Japan), as a microglia marker; 

(4) Nestin (Abeam) as a neural stem cell marker (28). 

The cells were then incubated for 1 h at room tempera- 
ture with corresponding secondary antibodies 
(AlexaFluor 488 or 555; Molecular Probes, Eugene OR) 
in 1:1000 dilution followed by staining with 4 / ,6 // - 
diamidino-2-phenylindole (DAPI; Invitrogen) for 5min. 
Microscopy was done using an Olympus IX-70 inverted 
microscope connected to an FV300 confocal laser 
scanning imaging system (Olympus, Center Valley, PA). 

Medium transfer bystander methodology 

The protocol is a modification of the medium transfer 
methodology for adherent cell cultures previously 
described (10). For adherent cell culture medium transfer 
protocols, dishes containing medium donor cell cultures 
with 90-95% cell density were chosen. For lymphocyte 
medium transfer, either quiescent, 17h, or 36 h-activated 
cells were utilized. Cells were irradiated with 0.2 (rate of 
0.45 Gy/min) or 20 Gy (rate of 11.24 Gy/min) y-IR in a 
Mark-1 y-irradiator (JL Shepherd & Associates, San 
Fernando, CA) or exposed to 100 J/m 2 UVC light gene- 
rated with a UVLMS-30 EL Series 3UV lamp (UVP, 
San Gabriel, CA). Control samples were sham-irradiated. 



The harvested medium (5 ml) was filtered through a 
0.22 urn MILLEX @ GP filter (Millipore, Billerica, MA) to 
separate the cells from the transferred medium and then 
added to recipient cultures after the original medium was 
removed and the cells were washed with PBS. The adherent 
medium recipient brain cells were seeded either onto Labtek 
II glass chamber slides 7 days prior to the experiment to 
ensure terminal differentiation. Controls for medium only 
and medium conditioned by recipient cell cultures were 
included in each experiment. The medium recipient 
cultures were incubated with transferred medium for 
various times (30min to 24 h) before fixation in 2% 
paraformaldehyde in PBS for 20min and staining. All 
time courses were performed at 37°C. 

Co-culture bystander methodology 

The protocol for co-culture experiments was as described 
previously (4). Brain cells were seeded onto LabTek II 
chamber slides at ~80% cell density. On the day of the 
experiment, the medium was aspirated, cells were washed 
with PBS and 200 ul of cold medium was added to the 
surface of the cells. Cells were placed on ice and 
aluminum foil was used to shield one-half of the cells. 
100 J/m 2 UVC light was used to expose half the culture. 
Fresh warm media was then added to the cells and they 
were allowed to incubate from 30min to overnight before 
fixation in 2% paraformaldehyde. 

Cell mixing bystander methodology 

The protocol for cell mixing experiments was a modifica- 
tion of the one previously described (10). CGCs obtained 
from a transgenic rat strain constitutively expressing GFP, 
SD-Tg(GFP)2BalRrrc P7 pups were plated into 2-well 
slides 7 days before the experiment (33,34). On the day 
of the experiment, the neurons at 50% confluency were 
either exposed to mock, 0.2 or 20 Gy y-irradiation, or 
to 100 J/m 2 UVC light and intact CGCs were immedi- 
ately added at the same concentration to the exposed 
cultures constitutively expressing GFP. The mixed cells 
were incubated for 24 h before fixation in 2% 
paraformaldehyde. 

Immunocytochemistry and DNA DSB quantification 

Lymphocytes were fixed, washed twice with PBS and then 
attached to slides through cytospin, after which both 
attached and suspension cells were processed similarly. 
For y-H2AX staining, cells were washed in PBS and 
permeabilized in 70% ethanol pre-chilled to — 20° C. 
Following blocking in 8% BSA for 1 h, the samples were 
incubated with anti-y-H2AX mouse antibody (1:500, 
Abeam) for 2h. Secondary antibodies were either 
anti-mouse Alexa Fluor-488 or Alexa Fluor-555-labeled 
antibody (Molecular Probes). Slides were then washed, 
mounted with propidium iodide (PI) or DAPI and 
viewed with a PCM2000 laser scanning confocal micro- 
scope (Nikon, Augusta, GA). Quantification of DNA 
DSBs, viewed as y-H2AX foci was performed by manual 
counting with the microscope using a lOOx objective, or 
counting foci in images. The number of foci was counted 
in MOO randomly chosen cells in at least three separate 
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images. Alternatively, y-H2AX intensity (reflective of foci 
density, the sum of pixels per nucleus occupied by foci) 
was determined in the brain cells using the Adobe 
Photoshop software package (Adobe Systems, San Jose, 
CA) as we described previously (35,36). These two 
measures are comparable. However, as found previously 
(35), due to the confounding nature of overlapping/ 
touching foci, a more linear dose-response curve is 
obtained when analyzing foci intensity in the brain cells, 
as compared with the number of foci. 

Transcription analysis 

Lymphocytes (3 x 10 6 ) or brain cells (1-3 x 10 6 ) were 
treated with 20|iCi [5- 3 H] uridine (Perkin-Elmer Life 
Sciences, Waltham, MA) for 3h at 37°C. Total RNA 
was then isolated with the RNAeasy mini kit according 
to the manufacturer's instructions (Qiagen, Valencia, CA). 
Radioactivity associated with RNA was counted by liquid 
scintillation spectrometry. Total [5- 3 H] uridine counts 
were normalized to the exact amount of cells in the 
samples. All experiments were performed three times in 
triplicate and the results are shown relative to quiescent 
primary lymphocyte cultures. 

Replication analysis 

H 3 -conjugated thymidine (6.7Ci/mmol, ICN Biomedical, 
Costa Mesa, CA) was added to the cell media (0.5 |iCi/well 
in a six-well plate). Cells were incubated at 37°C for 24 h 
to allow sufficient time for uptake and DNA incorpor- 
ation. After 24 h, cells were counted, trypsinized, and har- 
vested and total genomic DNA was extracted using a 
genomic DNA preparation kit (Roche). The total radio- 
activity in the DNA preparation was determined by liquid 
scintillation spectrometry and the level of DNA replica- 
tion was determined relative to astrocytes, which served as 
the positive control cell type. All experiments were per- 
formed in triplicate. 

Statistical analysis 

Mean values were determined in at least four micro- 
scopic fields or in triplicate. Error bars show standard 
deviation or standard errors of the mean (SEM) as 
indicated. Statistical significance was determined using 
the student's t test. P-values <0.05 were considered 
significant. 

RESULTS 

Replication and transcription levels in various cell types 

Rat embryonic brain cells and human peripheral blood 
lymphocytes were examined. Five different brain cell 
populations were isolated from embryonic rats and main- 
tained in culture: three neuronal types, cerebellar granular 
cells (CGCs), cortical neurons, and hippocampal neurons, 
and two non-neuronal types, astrocytes and microglia. A 
variety of markers was utilized to confirm the identity and 
purity of the different cell types in culture (Figure 1A). 

The marker MAP2 belongs to a family of neuron- 
specific cytoskeletal proteins that are enriched in 



dendrites, with a role in stabilizing dendritic shape 
during neuron development. The cortical, hippocampal 
and CGC cell populations exhibited MAP2 staining 
(Figure 1A, upper left image; CGCs shown). Another 
marker, nestin, is an intermediate filament protein ex- 
pressed in dividing cells during the early stages of devel- 
opment in the central nervous system, peripheral nervous 
system, as well as in other tissues and is utilized as a 
marker of proliferating and migrating cells. The 
three neuronal cell populations lacked nestin staining 
(Figure 1A, upper right image; CGCs shown), indicating 
that these cultures lacked proliferating cells. During 
neuro- and gliogenesis, nestin is replaced by cell type- 
specific intermediate filaments, e.g. neurofilaments and 
glial fibrillary acidic protein (GFAP). GFAP, a protein 
marker for astrocytes was found to be absent in the 
CGC and hippocampal cell cultures, and present to a 
small extent (~5%) in the cortical cell cultures 
(Figure IB, left image; CGCs shown) and present in astro- 
cyte cultures (Figure 1C, upper image). Ibal (ionized 
calcium binding adaptor molecule 1), a 17-kDa protein 
specifically expressed in microglia (28) was also absent 
from the neuronal cell cultures (Figure IB, right image; 
CGCs shown) but present in microglia cultures 
(Figure 1C, lower image). The presence or absence of 
these markers confirms that the hippocampal cell and 
CGC populations are free of contamination by the 
proliferating cell types, astrocytes and microglia. 

DNA and RNA synthesis rates were measured in 
cultures of the five cell types. While the astrocytes and 
particularly the microglial cells exhibited substantial 
rates of DNA synthesis (Figure ID, black bars and 
numbers), the CGC and hippocampal cell cultures 
lacked detectible DNA synthesis, indicating that these 
populations were terminally differentiated. The cortical 
cell cultures did exhibit a low level of DNA synthesis con- 
sistent with the level of astrocyte contamination observed 
microscopically. This contamination which did not exceed 
5% of the total cell population could be eliminated from 
consideration in microscopy experiments as the two cell 
types could be distinguished based on cell size and morph- 
ology. Overall, these results confirmed that the neuronal 
cell preparations were terminally differentiated. 

RNA synthesis was also examined with particular ref- 
erence to those cell types that were found to lack DNA 
synthesis (Figure ID, gray bars). Of the brain cell types, 
CGC cultures exhibited the most transcription, consider- 
ably above the level found in stimulated lymphocytes 
(Figure ID, rightmost bars) shown for comparison. The 
other brain cell types exhibited rates of transcription 
between those of quiescent and stimulated lymphocytes 
(Figure ID, gray bars and number). 

Bystander DNA damage in brain cell cultures 

Cultures of the five types of brain cells were examined for 
their ability to exhibit y-H2AX foci under two bystander 
scenarios. In the first, donor cultures were subjected to 
either 0.2 or 20 Gy IR. After 3h, the media from these 
cultures were removed, filtered and added to duplicate 
unirradiated cultures. Both a low and high dose of 
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Figure 1. Characterization of brain cell types after 7 days in culture. Astrocytes, microglia, cortical neurons, CGCs and hippocampal neurons were 
obtained and cultured as described in Materials and Methods. (A) Representative images of CGC cultures stained for MAP2, a neuronal marker 
(red), Nestin, a neural stem cell marker (green) and DAPI for DNA (blue). The CGC cultures stain positive for MAP2 and negative for Nestin, 
confirming that they are non-proliferating and terminally differentiated. (B) Representative images of CGC cultures stained for MAP2 (red), either 
GFAP, an astrocyte marker (left, green) or Ibal, a microglial marker (right, green) and DAPI (blue). The cultures stain negative for GFAP and Ibal, 
indicating they are free of astrocyte and microglial contamination. (C) Positive control images of astrocytes (above) and microglia (below) stained for 
GFAP or Ibal (green), respectively, and with DAPI (blue). Bar = 100 urn. (D) Relative DNA (black bars) and RNA (gray bars) synthesis in brain cell 
cultures were measured by 24 h 3 H-thymidine (microglia set to 100) and 3h 3 H-uridine (CGC set to 100) incorporation, respectively. Included for 
comparison relative DNA and RNA synthesis in Peripheral Blood Lymphocytes (PBL) at either quiescence (PBL 0 h) or 48 h after activation (PBL 
48 h) measured by 24 h edU (L 48 set to 100) and 3h 3 H-uridine incorporation, respectively. Error bars are the standard deviation of three 
experimental replicates done in triplicate. 



y-radiation were selected to see if a dose response would 
be detected in these cell types or if the typical 'all-or- 
nothing' bystander DNA damage response would be 
observed (11). Treatment with UVC light was also 
chosen because it causes thymine dimers and not DSBs 
in exposed cells, while bystander DNA DSBs can be 
observed in neighboring cells (37). The y-radiation doses 
used here were utilized in previous studies and may help to 
uncover similarities and differences between low and high 
dose y-radiation with UVC (10,38-40). In both cases, the 
amount of y-H2AX expression was measured in the by- 
stander cells after various time intervals (Figure 2). 

In contrast to y-or X-ray irradiation which generates 
relatively homogenous discrete foci, irradiation by UVC 
induces a wide variety of cell cycle dependent y-H2AX 
staining ranging from foci to nucleus-wide pan-staining 
of various intensities (41). Cells in S-phase exhibit a 
nuclear-wide bright staining that is consistent with 



replication blockage (by thymine dimers or by other 
aberrant structures appearing during DNA repair) while 
cells in Gl exhibit no or small increases in y-H2AX that 
are associated with NER intermediates (41). Increase in 
y-H2AX is observed in UV-damaged Gl cells if repair by 
NER is compromised (41). In agreement with these 
reports, UVC irradiation of neurons showed no statistic- 
ally significant increase in y-H2AX foci at early 
time-points (in the few hours after treatment). However, 
after 1 or 2 days, exposure to UVC results in a fraction of 
cells that have high levels of y-H2AX that spreads widely 
in the nucleus (pan-stained cells) (Figure 3A). These cells 
are believed to be associated with the induction of 
apoptosis. 

The bystander astrocytes and microglia exhibited sub- 
stantial DNA damage, 3-4-fold and 8-10-fold over the 
controls, respectively (Figure 2 A, top panel). With IR, 
elevated y-H2AX levels were apparent by 1 h, reached a 
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Figure 2. Bystander effect in brain cells. (A) For IR, cultures of astrocytes, microglia and cells from the cortex, cerebellum and hippocampus were 
subjected to either 0.2 or 20 Gy of IR. After 3 h, the media was removed, filtered and placed on duplicate but unirradiated cultures of the same cell 
type. For UVC, one-half of the cell cultures were covered with aluminum foil during irradiation with 100 J/m 2 . Cultures were fixed at various times 
post-addition as noted (0 control, 1, 3, 8 or N, overnight). Each panel displays the average increase in y-H2AX intensity per cell type. The average 
y-H2AX intensity per nucleus was measured as described in Materials and Methods. As a crosscheck, the cortical cultures were also analyzed by 
manual foci counting. Consistent with our previous reports (35,36), the two methods gave comparable results (middle two panels). Error bars 
represent the standard error of the mean for at least 100 cells. (B) Representative images of bystander cell cultures are shown for each cell type (rows) 
and each treatment (columns). Asterisks show significant differences from control values, .P<0.05. 



maximum at 3-8 h, persisting overnight. With UVC the 
kinetics were more rapid with a maximal or almost 
maximal response at 1 h. Both these cell types undergo 
DNA synthesis, thus the finding that they exhibit substan- 
tial bystander y-H2AX levels serves as a positive control. 
The images in Figure 2B are representative of the y-H2AX 
response in bystander cell populations. 

Of the three neuronal cell types, only the CGC cultures 
consistently exhibited bystander y-H2AX formation, in 
amounts similar to that found in astrocyte cultures. The 
cortical and hippocampal cell cultures exhibited little or 
no bystander y-H2AX, possibly because they exhibited 
levels of transcription less than 15% of the CGCs. As 
previously mentioned, the small amount of DNA synthe- 
sis observed in the cortical cell culture was found to be due 
to contamination by astrocytes. These astrocytes were not 
included in the cortical cell bystander data. 

To confirm that CGC cultures exhibit bystander DNA 
damage independent of the method, a mixed culture 
protocol was also examined. Cultures of GFP-expressing 
CGCs were exposed to 0.2 Gy, 2 Gy IR or 100 J/m 2 UVC. 
Immediately after exposure, normal CGCs were added to 
the exposed cultures and incubated for at least 24 h to 
allow the added cells to attach (Figure 3). Foci were 
counted in both the exposed and bystander cells. 
Bystander cells 1 day after mixing exhibited 1.5-2-fold 



increased y-H2AX foci over the controls and lower 
values after 2 days. These values are consistent with 
those obtained in previous experiments in which IR 
induced 2-fold increased levels of y-H2AX in bystander 
samples after overnight incubation. 

These results with CGCs indicate that certain cell types 
that lack DNA synthesis may exhibit bystander DNA 
damage, possibly due to a high level of transcription. 
Thus, transcriptional complexes may also be vulnerable 
to bystander DNA damage in addition to DNA replica- 
tion complexes. 

Bystander signaling in lymphocytes 

Human peripheral blood lymphocytes are quiescent with 
low endogenous transcriptional activity when isolated 
(26). However, when stimulated, cultures exhibit 
increasing levels of RNA synthesis beginning 5 h after ac- 
tivation but do not exhibit detectible levels of DNA syn- 
thesis until after 24 h (Figure 4A). Thus, there is a time 
interval when these cultures exhibit substantial transcrip- 
tion without DNA replication between ~5 and 20 h after 
activation. 

Cultures stimulated for 17 h as well as quiescent cultures 
were examined for their abilities to exhibit bystander 
DNA damage. The images in Figure 4E are representative 
of the y-H2AX response in media transfer protocols 



10280 Nucleic Acids Research, 2012, Vol. 40, No. 20 



Control 



BS 



NoGFP 

(SB 

1.9+0.1 


0.2 Gy 

{ i 

4.0+^^^^ 


GFP 
1.7+0.2 


2 Gy 

{ 

3.5+0.3 


No GFP + GFP 
2.1+0.2/2.3+0.4 


UVC 

8 

• 

3.6+0.2 



B 




No IR 1d 2d 1d 2d 1d 2d 



0.2Gy 



2Gy 



UVC 



Figure 3. CGC bystander effect with normal and GFP-expressing 
CGCs in mixed cultures. (A) GFP-expressing CGCs (green) were 
irradiated with 0.2 Gy, 2 Gy IR or UVC, then mixed with non-GFP 
expressing bystander cells and cultured for 24 h. Cultures were fixed 
and stained for y-H2AX (red). The nuclei of the CGCs not expressing 
GFP are noted by blue circles. Numbers of y-H2AX foci per cell were 
calculated and the values shown in the lower left corner of each image. 
(B) Average numbers of y-H2AX foci per cell after various treatments 
are compared at 1 day and 2 days incubation of irradiated and 
unirradiated cells. Values for bystander cells (no GFP, black bars) 
are compared with values in directly irradiated cells (GFP, gray 
bars). Error bars represent the SEM for at least 50 cells in four micro- 
scopic fields. Asterisks show significant differences from control values, 
P<0.05. 



compared with direct exposure. Quiescent and 17 h 
activated lymphocytes responded similarly to direct 
exposure to IR and UVC (Figure 4B and C, gray bars), 
indicating in both cases that similar amounts of DNA 
damage were inflicted and that DNA DSB detection was 
operative. 

However, the bystander responses were substantially 
different in the two types of cultures. Quiescent bystander 



cells had a weak DNA damage response to media from 
quiescent cultures irradiated with IR or UVC (Figure 4B, 
black bars) and also to media from activated cultures 
exposed to UVC (Figure 4D). In contrast, the 17 h 
activated cultures responded to media from both quiescent 
and activated cultures exposed to either IR or UVC 
(Figure 4C and D), although media from quiescent 
cultures exposed to 0.2 Gy induced a considerably 
weaker response that duplicate cultures exposed to 20 Gy. 

In each case, recipient quiescent cultures responded less 
robustly to bystander signaling compared with recipient 
stimulated cultures. However, media from both stimulated 
and quiescent exposed cultures induced substantial in- 
creases in y-H2AX levels in activated cultures, indicating 
that while quiescent lymphocytes may not respond to by- 
stander signals, they are capable of generating signals 
similar in strength to those from stimulated lymphocytes. 
Because the lymphocyte cultures were taken well before 
the onset of DNA replication, these results indicate that 
active transcription in non-proliferating cells may make 
them vulnerable to bystander DNA damage. 

The effect of transcription inhibition on bystander DNA 
damage induction in non-proliferating cells 

If transcriptional activity predisposes non-replicating 
cells to bystander effect vulnerability, then inhibiting tran- 
scription should mitigate bystander induced increases in 
y-H2AX. This prediction was examined utilizing 
oc-amanitin to inhibit RNA synthesis. 

In lymphocytes (Figure 5A), the presence of oc-amanitin 
in the recipient cultures of 17 h stimulated lymphocytes 
(pre-DNA synthesis) prevented the induction of y-H2AX 
levels by media from irradiated lymphocytes. Similarly, in 
CGCs (Figure 5B) the presence of oc-amanitin in the re- 
cipient cultures reduced the bystander y-H2AX induction. 
When oc-amanitin was also present in the media of the 
donor CGC culture prior to IR exposure (and was thus 
carried to the recipient culture during media transfer), the 
bystander y-H2AX induction was reduced ~2-fold. Thus 
inhibition of transcription in the recipient cultures was 
effective in mitigating bystander y-H2AX increases, 
indicating that it is the ongoing transcriptional activity is 
the primary factor that predisposes these cells to bystander 
DNA damage. That inhibition of transcription in the 
donor exposed cultures also mitigated bystander 
y-H2AX increases may be expected since signal induction 
in the donor cells may also require transcription. 

The effect of TGF-p and NO on DNA damage induction 
in non-proliferating cells 

TGF-P and NO have been implicated in bystander 
response signaling (42). These molecules lead to increased 
levels of y-H2AX similar to those observed in bystander 
effect studies. Also anti-TGF-(3 has been reported to 
mitigate bystander responses (16,17). With lymphocytes, 
the extent of y-H2AX increase depended on the state of 
the cultures (Figure 5C). Quiescent lymphocyte cultures (L 
Q) did not respond to media from irradiated lymphocytes, 
as expected, and also did not respond to either TGF-P or 
the NO generator DEANO (DNO). Pre-S stimulated 
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lymphocytes (L IdA), while responding to media from 
irradiated lymphocytes, appeared not to respond to 
TGF-(3 and only slightly to 10 uM DNO. S-phase lympho- 
cytes (L 2d A), stimulated for 36 h, responded to both 
TGF-(3 and DNO with elevated y-H2AX. 

With CGCs, there was considerable elevation in y-H2AX 
levels in response to media from irradiated CGCs as well 
both TGF-(3 and DNO (Figure 5C, right set of bars). The 
y-H2AX levels induced by the two molecules were similar 
to that by media from irradiated CGCs. 



These results support the notion that bystander 
y-H2AX levels are induced in non-proliferating actively 
transcribing cells through mechanisms similar to those 
reported for proliferating cells. 

DISCUSSION 

Bystander effects have been found in cell populations 
in response to a number of different types of stress 
including radiation, UV exposure and even tumor 
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presence (2,5-7,37,38,43). One important consequence 
of bystander signaling is the induction of DNA DSBs 
in bystander cells because these are known to induce 
genome destabilization (9-12). DSB induction is a 
serious challenge for cells requiring repair and increasing 
the risk of genomic instability, mutation and transform- 
ation, it is essential to understand bystander signaling 
(13,44). In particular, understanding the cell types that 
are vulnerable to this effect as well as the mechanistic 
basis of its propagation would greatly enhance our 
ability to predict the impact of this effect on overall or- 
ganismal health. 

Previous research has shown that replicating cells are 
particularly vulnerable to the bystander effect (4,21,23). 
However, our and others' work have demonstrated that 
cells in S-phase are not the only susceptible cell popula- 
tions (4,45). In this study, we showed that two types of 
non-proliferating cells, terminally differentiated neurons 
and primary lymphocytes, respond to bystander signaling 
if they exhibit substantial transcriptional activity. Figure 6 
summarizes the correlations we obtained between DNA 
and RNA synthesis levels and vulnerability to several 
sources of bystander signaling. 



Two types of neuronal cells, from the cortex and hippo- 
campus, did not exhibit detectible bystander responses 
and were also largely unresponsive to TGF-P or NO. In 
contrast, CGCs, non-replicating cells, which displayed 
substantial transcription levels, were responsive to both 
bystander signaling and the external application of the 
putative bystander signaling molecules TGF-P and NO. 
These results indicate for the first time that, in addition 
to active DNA replication, transcriptional activity is an 
indicator of bystander effect vulnerability. 

Primary human lymphocytes are quiescent but after 
stimulation in culture, there is a time interval where they 
increase transcription levels about 10-fold but lack repli- 
cation (26). During this interval, the lymphocytes respond 
to bystander signaling. The fact that oc-amanitin treatment 
alters bystander responses even after activation indicates 
that the transcriptional activity itself, rather than other 
factors, is the important determinant of bystander vulner- 
ability in non-proliferating cell populations. Recently 
quiescent lymphocytes exposed to media from irradiated 
cells were shown to develop increased micronuclei 
post-activation. This article also indicated that ROS 
might be an element in bystander signaling (46). These 



Nucleic Acids Research, 2012, Vol. 40, No. 20 10283 




Cor 



CGC 



»P ^^—-^^X DNA 



LA RNA 

Figure 6. Relative magnitudes of bystander effects in cultures of lymphocytes and brain cells correlated with their levels of DNA and RNA 
synthesis. Mic, Microglia; Ast, Astrocyte; Cor, Cortex; Hip, Hippocampus; LQ, Quiescent lymphocytes; LA, Activated lymphocytes; ND, Not 
detectable. 



data support the notion that non-replicating cells may be 
impacted by the RIBE. 

The neonatal mouse cerebellum has been demonstrated 
to be a valuable model to study RIBE in vivo (47). When 
radiosensitive Patched-1 (Ptchl) heterozygous mice were 
subjected to the X-ray irradiation of their bodies while 
their heads were protected, increased levels of DSBs, 
apoptosis and tumor formation were found in the 
unirradiated cerebella. The mechanisms behind long-range 
'bystander' responses are still largely unknown, however 
several hypotheses have been proposed in recent years. 
Intercellular signalling molecules such as TGF-(31 and 
nitric oxide originating from irradiated cells have been 
shown to play a major role in transferring the damage 
signals to bystander cells (16,37). Furthermore, COX2, 
the protein kinase-C family, the PI3-related kinases 
ATM/ATR and the mitogen-activated protein kinase 
(MAPK) pathways seem to have a pivotal role in by- 
stander processes (see Baskar for review) (48). Although 
the same factors may be involved in the RIBE in vivo, 
other mechanisms engage the gap junction intercellular 
communication (GJIC) for transmission of bystander sig- 
naling. GJIC was shown to be critical for transmission of 
oncogenic radiation damage to the bystander cerebellum 
in mice through connexin43 upregulation and the release 
of ATP (49,50). However, it is reasonable to suppose that 
in vivo, RIBE may be also mediated by factors diffusing 
through both gap junctions and the bloodstream. As 
CGCs are sensitive to exogenous oxidative stress (51), 
these cells are good target for the RIBE in vivo. 

In bystander cells, it is believed that NO and TGF-B 
mimicking inflammation-induced ROS ultimately lead to 



different types of DNA damages including non-DSBs 
(clustered DNA lesions among others) and DSBs lesions 
(10,52,53). In replicative bystander cells, DSBs are 
thought to occur when DNA replication forks collide 
with structures originating directly (i.e. single-strand 
breaks) or indirectly (i.e. irreversible topoisomerase 
cleavage complexes) from oxidative DNA lesions (54). 
Similarly, it is realistic to think that a transcription fork 
interfering with an oxidative DNA lesion can lead to DSB 
formation (Figure 7). In fact, several recent studies show 
the presence in both replicating and non-replicating cells 
of transcription-mediated DSBs (55-57). In neurons, these 
DSBs result in ATM activation and y-H2AX formation 
(55). Transcription-mediated DSBs might occur spontan- 
eously in normal neurons in response to endogenous oxi- 
dative DNA alterations (58,59) and such DSBs may be 
one factor implicated in neurodegenerative diseases (60). 
Support for this notion comes from recent demonstration 
of DSB formation following activation of ionotropic glu- 
tamate receptors in mature, terminally differentiated 
cortical neurons in vitro (35) and in adult neurons follow- 
ing excessive excitation (seizures) in rat brain in vivo (36). 
Finally, we show here a similar response in bystander 
cells to low and high y-irradiation and demonstrate that 
non-replicating bystander cells have typical 'all-or- 
nothing' bystander DNA damage (11). 

Taken together, our results indicate that a number of cell 
types in the body could potentially respond to bystander 
signals and that the induction of y-H2AX foci in response 
to TGF-(3, as well as basal transcription rates might be 
good predictors of susceptible cells and organs. These 
findings indicate that future studies on implications of 
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Figure 7. Model for DSB formation during DNA or RNA synthesis in bystander cells. Damage in irradiated cells leads to bystander effects in 
neighboring cells (dividing and/or non-dividing cells). Reactive oxygen species (ROS, red stars), generated directly or indirectly as a result of cell 
damage interact with bystander cell DNA, producing lesions ranging from base or sugar modifications to abasic sites and single-stranded breaks 
(large red stars). ROS-induced DNA damage can interfere with both replication and transcription in proliferating cells and transcription in 
non-proliferating cells, leading to DSB and y-H2AX formation. 



bystander effects in vivo should focus both on highly 
replicating cell types, such as those found in the gastrointes- 
tinal tract, as well as metabolically active cells including 
CGCs, and possibly neurons in brain regions that are sub- 
jected to excessive and/or pathological activation. 
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